INTRODUCTION
Corrosion and pitting defects in pipework are major problems in the oil, chemical and other industries. These defects can occur at the outer or inner surface of the pipe and can lead to a serious loss of pipe wall thickness. As a high proportion of industrial pipelines are insulated, this means that even external corrosion cannot readily be detected without the removal of the insulation, which in most cases is prohibitively expensive.
Ultrasonic nondestructive testing techniques are available for the detection of general wall loss associated with pitting and corrosion, but unfortunately they tend to be very slow, single position measurements, making the inspection of the kilometres of pipeline typically found in industrial plants virtually impossible. Flash radiography and eddy current methods are also used, but for complete coverage of the pipe system they also tend to be relatively slow.
An alternative to point or single location measurements, which require the physical movement of the transducer, would be to excite stress waves which propagate along the pipe (in the form of cylindrical Lamb waves, see for example, Silk and Bainton [1] ) and to monitor the response of the pipe for changes in the received signal at a remote position; alternatively a pulse-echo system in which echoes returning to the source transducer are monitored could be used. In each case changes in the response signal will indicate the presence of an impedance change (the presence of a possible defect) in the pipe. This technique does not require the transducer to be indexed from point to point and it minimises the amount of data processing required to determine the presence of defects or other unwanted features. Access to the inside of the pipe is not required as the propagating modes may also be excited from the pipe outer wall and only a keyhole in the insulation needs to be removed to allow access of a transducer system. The technique is particularly suited to applications where the critical defect size is relatively large so the reduced resolution and sensitivity of the method compared with standard single point ultrasonic inspection is not critical. Lamb waves have been shown to travel tens of meters in steel and this testing method has been used in the steel industry for the post-production inspection of tubing by Bottger et al [2] . The wave~ are sensitive to external or internal defects and at low frequencies are not greatly affe<.:tcu by most industrial insulation materials, or the fluid contents of the pipe. However, even allow frequencies, the response signal can be complicated if the excitation and reception transducers are not correctly oriented and the excitation signal carefully designed. Techniques for overcoming these problems when using Lamb waves in plates have been developed by Alleyne and Cawley [3, 4] and a considerable amount of research has been done on the development of pipe testing methods (see, for example, [5, 6] ).
The aim of the experiments reported here was to establish the sensitivity of cylindrical Lamb waves to standard pipeline features such as welds and supports, and to investigate quantitatively the effect of notches and troughs which simulate corrosion and pitting.
DISPERSION CURVES
In this paper the treatment of the relatively simple case of a free cylinder is presented using the Gazis [7] formulation. The 6 by 6 matrix was implemented into a program developed by Lowe [8] , which solves the matrix (or coupled matrices if the pipe is multilayered) as a function of frequency and wavenumber. For a more detailed treatment of the modal solution used, see Lowe and Cawley [9] . Fig. 1 shows a subset of the predicted group velocity dispersion curves for cylindrical Lamb waves in three inch schedule 40 steel pipe, where the outer diameter is 88.7 mm and the wall thickness is 5.5 mm. In cylindrical systems there may be an integer (n) number of wavelengths around the circumference, n=0,1,2,3 ... ,. When n=O the system is axially symmetric and when n>O the propagating waves have components in the circumferential and axial directions and are referred to as tlexural type modes. The most important modes for this application are the two axisymmetric modes which are labelled L(O,I) and L(0,2) in accordance with, for example, Silk and Bainton [1] . Torsional modes will not be excited or received by the transducer system so they have not been shown. As can be seen from the dispersion curves, a large number of flexural type modes labelled F(n,m) are possible (for clarity they have not all been included) even at low frequencies. The group velocity plot shows pronounced velocity dispersion for most modes. However, the fastest wave, the L(0,2) mode, is essentially nondispersive from about 40 kHz to 200 kHz which makes it the most attractive mode (see Alleyne and Cawley [3] ) for use in long range testing applications. 
TEST SETUP
The aim of the experimental investigation was to preferentially excite the axially symmetric L(0,2) mode and to measure the amplitude of the reflections from the feature under test. In these initial tests both the L(O,I) and L(0,2) modes were generated which somewhat complicated the received signals; however, the F(n,m) modes were successfully suppressed. The experimental setup, instrumentation and the practical methods used to excite a single cylindrical Lamb mode were similar to those described previously by Alleyne and Cawley [3, 4] , In all cases the excitation signal was a 10 cycle tone burst with a centre frequency of 70 kHz modified by the application of a Hanning window function. The transducer system was mounted at the end of the pipe and used in transmit-receive mode. In the tests of pipeline features the transducer system was bonded to the pipe under test, but in the defect detectability tests it was dry coupled to the pipe outer surface by the application of pressure.
In order to improve the signal to noise ratio, 100 successive response signals were averaged. This process took about 20 seconds to perform using a digital oscilloscope (Le Croy type 9400).
THE INFLUENCE OF STANDARD PIPELINE FEATURES
In industrial pipe systems, welds occur very frequently so any test system has to be able to identify and possibly ignore signals from good welds. The total length of the butt welded 3 inch steel pipe shown schematically in Fig. 2 was 5.5 m; the first weld was 2.3 m and the second 3.2 m from the pipe end where the transducer system was located. The weld caps of the butt welds were about 6 mm long, the weld cap on the inner wall protruded by approximately I mrn and the outer cap was ground off. Fig. 3 shows the response at the end of the pipe; the initial outward going signal has been gated out so only reflected waves are shown. The reflections of the L(0,2) mode from the first and second welds are labelled in All pipe systems are supported at regular intervals, a popular method being to rest the pipe directly on a bracket arrangement. In tests using supports of this type, the amplitude of the reflected signal from the bracket could not be distinguished clearly, the amplitude of the L(0,2) reflection being less than 1 % of its incident value. Supports with welded brackets have the greatest effect on the propagating cylindrical waves and this worst case was also investigated experimentally. In these tests the reflections from the support brackets were of similar amplitude to the reflections from butt welds.
• I The Fig. 4a. The first reflection, A, is the L(0,2) 3 m long flanged pipe was bolted to the above pipe with a thin rubber gasket between the two flanges, the response was almost identical to the above case and very little energy propagated across the flange. Therefore, it is not practical to test across flanges as little acoustic energy is propagated across them.
A series of tests was carried out to determine the effect of insulation on the propagation of the cylindrical modes, the insulation material being a mineral wool which was clamped to the pipe. For the wet tests the insulation was completely saturated and water was then entrapped between the insulation and the pipe to simulate a fully saturated pipe section. As expected, dry insulation had no appreciable effect on the propagating modes in the test frequency range. The response of the flanged pipe when the insulation was saturated is shown in Fig. 4b . Comparing this result with Fig. 4a it may be seen that the amplitude of the L(0,2) mode (A) has not changed significantly, while the amplitude of the mode converted signals (B) involving the L(O,l) mode has been significantly reduced by leakage into the fluid loaded insulation material. This is to be expected as the motion of the pipe wall in the L(0,2) mode is essentially in the axial direction, while in the L(O, 1) mode it has a significant normal component.
DEFECT SENSITIVITY TESTS
Experimental studies were undertaken using 3 inch and 6 inch diameter steel pipes to determine quantitatively the sensitivity of the L(0,2) mode to a notch of constant depth as a function of circumferential extent and a notch of constant circumferential extent as a function of its depth. The total length of the 3 inch and 6 inch steel pipes shown schematically in Fig. 5 was 2 .6 m and the wall thicknesses were 5.5 and 6.9 mm respectively. The notch was machined in both pipes using a 3.2 mm slot drill cutter 1.7 m from the end where the measurements were taken.
Figs. 6a and 6b show the time histories of the responses from the 3 inch pipe with a 2.75 mm deep notch (50% of the wall thickness) when the notch extended 18 mm (7.5% of the circumference) and half way around the pipe circumference respectively. The duration of the test was sufficiently long to include the response of the pipe after the reflection of the L(0,2) mode from the notch and the end of the pipe. In Fig. 6a the excitation signal has not been gated out, but in Fig. 6b it has been removed and only the reflected signals are shown. When t<1000 Ils the response is just that of the reflected L(0,2) mode from the notch and from the end of the pipe; on excitation and on reflection from the notch the L(O,I) mode is produced but the time base is not sufficiently long for it to be seen. The reflection coefficient for the notch is obtained by dividing the reflection from the notch by the reflection from the end of the pipe when the notch was not present. Fig. 6c shows the reflection coefficient from notches half the wall thickness deep which extended over 5, 10, 15,20,25,30,40,50,60,70,80,90 and 100% (the symmetric case) around the circumference of the 3 inch pipe as a function of frequency. The results show that the amplitude of the individual reflected signals are a weak function of frequency (the amplitude of the reflected signal increasing slightly with frequency) in the frequency range 60-85 kHz. There is a monotonic increase in the amplitude of the reflection coefficient with increasing notch extent, a notch 2.75 mm deep extending over the full circumference producing a reflection of about 34% of the amplitude of the incident L(0,2) mode. This case was analysed using an axisymmetric finite element analysis and it was found that the experimental and finite element results agreed to within 3%. Fig. 6d shows the reflection coefficient of the L(0,2) mode at a frequency of 70 kHz as a function of the circumferential extent of the notch. This shows that the amplitude of the reflected signal is a linear function of the circumferential extent of the notch. Hence, the results of two dimensional axisymmetric finite element studies may be used to predict the amplitude of reflections from non-symmetric defects simply by multiplying the result from the symmetric case by the ratio of the circumferential extent of the defect to the total circumferential length.
Having measured the sensitivity of the L(0,2) mode to notches half the wall thickness deep as a function of circumferential extent in a 3 inch pipe, another series of tests was performed to determine the reflection coefficient of this mode as a function of notch through thickness depth, notches extending 31 mm (11 %) over the circumference of the 3 inch pipe and 25 mm (5 %) over the circumference of the 6 inch pipe being tested. The experiments on the 6 inch pipe were on a defect which extended over only 5% of the circumference, compared with 11 % for the defect in the 3 inch pipe. The results of Fig. 6d show that the reflection coefficient from a defect of a given depth is directly proportional to 0.13 Figure 7 . Amplitude of the reflection coefficient at 70 kHz as a function of the percentage notch depth on the 3 inch and 6 inch pipes for a notch extending over 11 % of the circumference. The experimental results on the 3 inch pipe were done with a notch extending over 11 % of the circumference; the notch in the 6 inch pipe extended over 5% of the circumference and the reflection coefficients shown have been multiplied by 1115.
its circumferential extent. Therefore, in order to compare the results with the 3 inch and 6 inch pipes, the reflection coefficients measured on the 6 inch pipe were multiplied by 1115 (the ratio of the circumferential extents of the defects in the two pipes). Fig. 7 shows that if this is done, the curves for the two pipe diameters are almost coincident, demonstrating that the factors affecting the reflection coefficient are the circumferential extent of the defect, expressed as a fraction of the total circumference, and its depth, expressed as a fraction of the wall thickness. The curves of Fig. 7 show that the reflectivity rises rapidly with depth when the depth is over 50% of the wall thickness, but that the rate of increase is modest at small depths.
The effect of the axial extent of the defect has not been considered during these investigations because the objective was to study small areas of corrosion. Previous work using the L(0,2) mode showed that the reflection coefficient is a weak function of the axial extent of the defect if it is much smaller than the wavelength. At 70 kHz, the wavelength of L(0,2) is of the order of 80 mm so a defect has to be over ten times the typical pipe wall thickness long before its length becomes significant.
CONCLUSIONS
The reflection of the L(0,2) mode from standard pipeline features such as welds, supports and flanges has been studied. The amplitude of the reflection from butt welds and welded supports is of the order of 5% of the incident amplitude, while flanges give almost 100% reflection. It is therefore not possible to test past a flange. The amplitude of the reflection from welds is similar to that from a defect half the wall thickness deep extending over about 20% of the pipe circumference, so it is important to identify the position of welds before testing, or to monitor a pipe at intervals through its life and to look for changes in the received signal. It has been shown that wet or dry insulation has little effect on the propagation of the L(0,2) mode, so inspection under insulation is feasible.
It has been shown that the reflection coefficient of the L(0,2) mode is a linear function of the circumferential extent of the defect and a stronger function of the through thickness depth of the defect. Detectability increases rapidly as the depth increases beyond 50% of the wall thickness. Corrosion patches which occupy a small fraction of the circumference will be difficult to detect at depths less than 50% of the wall thickness. For example, the amplitude of the reflection of the L(0,2) mode from corrosion sites extending over an area 20 nun by 20 mm and 50% of the wall thickness deep in a 3 inch pipe will be of the order of 3% of the amplitude of the incident signal. The reflection amplitude will fall rapidly if the depth is reduced.
Good agreement has been obtained between the results on the 3 inch and 6 inch pipes, indicating that the defect detectability on one pipe size may readily be inferred from results on other sizes. The controlling parameters are the ratios of the depth of the defect to the pipe wall thickness and the circumferential extent of the defect to the pipe circumference.
